ABSTRACT. We examined changes In the levels of dissolved inorganic nitrogen (DIN) during incubation experiments with 4 conspicuous sponge species from Caribbean coral reefs, mangroves, or seagrass beds (Chondrilla nucula, ?Pseudaxinella zeai, Oligoceras violacea, Plakortis halichondroides). DIN accumulation in the incubation water was detected for all the species, but no significant DIN concentration changes were detected in the control experiments (seawater alone). NO< accumulated during all the experiments with 0. rfiolacea (170 to 580 nmol g.' h-'), while NO-, accumulated during most experiments with ?P. zeal (0 to 1033 nmol g.' h-'), C. nucula (360 to 2650 nmol g.' h-'), and P. hallchondroides (0 to 320 nmol g.' h-'). These are the highest reported weight-spec~fic production rates of oxidized nitrogen fl-om benthic communitics The highest values are associated with the 3 species that possess cyanobacterlal endosymbionts. Potential NO1 efflux rates by 2 of the species, assuming 10Of"> area1 coverage, yielded values (21 1 to 396 mm01 m ' d.' for ?P. zeal and 242 to 413 mm01 m-' d ' for C. nucula) 2 to 4 orders of magnitude hlgher than the most active benthic nitnfication rates yct reported from the tropics. Extrapolating from incubation data (550 to 1030 nmol g-' h-' and biomass estimates (440 g m-2), the environmental NO.: efflux rate of ? P zeai on the Fore Reef at the Barrier Reef off Carrie Bow Cay. Bel17t. 15.8 to 10.9 mm01 m-2 d-!) surpasses considerably the highest benthic nitrification rates reported previously (unconsolidated reef sediments: 1.68 mm01 m-' d l ) . These results strongly suggest that sponge-mediated nitrification is not uncommon in tropical marine benthic communities, and might constitute a large input of oxidized nitrogen into those habitats in which sponges abound. Our results reinforce the notion that sponges harbor and nourish microbial organisms with metabolisms that are important to the productivity and nutrlent cycling in shallow benthic tropical communities.
INTRODUCTION
The level of dissolved inorganic nitrogen (DIN; ammonia, nitrite, and nitrate) in marine environments depends largely on biological processes that constitute sinks and sources for these nutrients, among which microbial transformations play a central role (Valiela 1984) . Nitrification, a chemoautotrophic pathway in which reduced inorganic nitrogen (NH,', NO,) is oxidized to nitrate, is an important component of the marine nitrogen cycle (Ward 1986 ). This biological process is accomplished by 2 metabolic groups of bacteria, ammonia and nitrite oxidizers, and its rate is dependent on substrate concentration, light intensity, and oxygen levels (Ward 1986 , Vanzella et al. 1990 ).
Nitrifiers require reduced forms of inorganic nitrogen (ammonium, nitrite, or hydroxyl amine), low light levels, and oxygen. As a consequence, in the ocean these bacteria are most active at the bottom of the photic zone (50 to 100 m) and in a narrow zone of surface sediment where O2 is present (Henriksen et al. 1981 , Ward 1986 , Rasmussen & Jsrgensen 1992 . In general, ammonia and nitrite are present at submicromolar concentrations throughout the ocean. Nitrate, the e n d product of nitrification, accumulates in the deep ocean at concentrations of approximately 40 PM. Coastal sediments in productive waters (salt marshes, mangroves, upwelling regions) usually exhibit high rates of regeneration of DIN which result in net fluxes of DIN from the sediments to the overlying waters (Fisher et al. 1982 , Capone et al. 1992 , More11 & Corredor 1993 ).
Mar Ecol Prog St
Our knowledge of the distribution and production rates of DIN in coastal tropical macrobenthic communities (coral reefs, mangroles, seagrass beds, etc.) is limited. It consists mainly of studies of nitrogen fixation and ammonium uptake by algadbacterial-invertebrate associations , Capone 1977 , Wilkinson et al. 1984 , microbial transformations within coral reef sediments (Hatcher & Hatcher 1982 , Seitzinger & D'Elia 1983 . Corredor & Capone 1985 , Capone et al. 1992 or mangrove sediments (More11 & Corredor 1993) , nitrif~cation in algal flats and tide pools , and nitrificat~on associated with marine invertebrates (Corredor et al. 1988 , Wafar et al. 1990 , Pile 1996 . The association of high nitrification rates with marine invertebrates was first described by Corredor et al. (1988) , who examined in situ fluxes of inorganic nitrogenous nutrients in 2 coral reef sponges.
Chondrilla nucula, a common Caribbean sponge, was found to release large amounts of nitrate (400 nmol N cm-2 h-'), approximately 200 times the amount released by another sponge species, Anthosigmella varians (2 nmol N cm-2 h-'). C. nucula harbors large populations of symbiotic cyanobacteria (Wilkinson & Vacelet 1979) , while A. varians harbors symbiotic zooxanthellae. Corredor et al. (1988) hypothesized that sponge cells and bacteria metabolize the nitrogen contained in the organic matter filtered by the sponge to make amino nitrogen, which is released as ammonium. This would be oxidized to nitrate by symbiotic nitrifying bacteria, whose presence in the sponge, however, remained unproved, Recently, Pile (1996) reported high rates of DIN release from the sponges Ircinia felix and Ircinia strobilina from a reef in the Florida Keys (USA). The rates detected, although lower than the ones from C. nucula from Puerto Rico, represented rates an order of magnitude larger than those reported for coral reef sediments (Pile 1996) . High release rates of ammonium and nitrate have been detected in reef corals (Wafar et al. 1990 ). However, the rates of nitrate release were an order of magnitude lower (5.5 to 17.3 nmol N cm-' h-') than the rates detected by Corredor et al. (1988) for the sponge C. nucula.
Sponges show significant area1 coverage and blomass in tropical marine benthic communities such as coral reefs and mangroves (Suchanek et al. 1983 , Willunson 1983 , 1987 , Riitzler & Feller 1996 , Diaz et al. 1997 . Their high water-filtration rates (Reiswig 1971) make them the most efficient filter-feeders in the sea. If nitrification were common to many marine sponges or to the most conspicuous species, they might constitute important sites of nitrite and nitrate regeneration in many habitats.
To investigate the occurrence of this ph.enomena among sponges from a wide range of benthic tropical communit~rs, as well as to distinguish the regeneration of the various forms of DIN (ammonium, nitrite, and nitrate), we conducted nitrogen flux experiments with several common sponge species from Caribbean coral reefs, mangroves, and seagrass habitats. Since the high release of nitrate was first found associated with a sponge possessing cyanobacterial endosymbionts, our first goal was to determine the occurrence of this phenomenon among tropical sponges possessing this symbiont type (Chondrilla nucula, ?Pseudaxinella zeai, and Ollyoceras violacea), as compared to one lacking it (Plakortis halichondroides). A second goal was to differentiate the accumulation of ammonia, nitrite and nitrate. A third goal was to determine the effect of light and incubation conditions on the magnitude and direction of the DIN fluxes.
METHODS
Species selection. Three sponge species that possess symbiotic cyanobacteria (?Pseudaxinella zeai, Chondrilla nucula, and Oligoceras violacea) (Riitzler 1990) and one lacking them (Plakortis halichondroides) were selected for this study.
lpseudaxinella zeai is abundant in the Caribbean coral reefs studied here, usually at 20 to 40 m depth (Diaz et al, in press ), while Chondrilla nucula (Chondrosiidae: Hadromerida) and Oligoceras violacea (Spongiidae: Dictyoceratida) predominate in relatively shallow (1 to 3 m) mangrove roots or lagoons. The species ?P. zeai has also been referred to as Calyx podatypa (Oceanapidae: Haplosclerida) (Humann 1992) , but recently has been tentatively assigned as an Axinellidae sponge probably of the genus Pseudaxinella by its skeletal composition (Alvarez et al. 1996) . Plakortis halichondroides (Plakinidae: Homosclerophorida), a common sponge in various Caribbean coral reefs, usually has a patchy distribution with a wide depth range (3 to 50 m).
Collection and maintenance. Two sets of experiments, identically performed, were conducted in separate instances. In the first set, conducted between August 26 and. September 11, 1993, sponges were collected at various localities in the eastern Bahamas (22" to 24" N, 74" to 75" W) and put in tanks of running seawater at ambient temperatures (29 to 30°C) aboard the RV 'Columbus Isehn'. In the second set, conducted between June 25 and July 7, 1995, sponges were collected on the Fore Reef off Carrie Bow Cay, Belize (16" 48' N, 88' 05' W) , and maintained in tanks of running seawater within 1°C of the ambient temperatures (29 to 30°C).
Sponge specimens of Chondrilla nucula (3 to 26 g dry wt), ?Pseudaxinella zeai (4 to 167 g dry wt), Oligo-ceras violacea (2 to 20 g dry wt) and Plakortis halichondroides (5 to 9 g dry wt) were collected and put on a table of running, unfiltered seawater for a period of acclimation. Whole specimens were collected by carefully detaching them by hand from coral rubble, sand, or hard substrates. Most specimens were collected from the sand or small coral rubble, to minimize tissue damage during transplantation. A few specimens of ?P. zeai were fragments of larger specimens, also taken by hand. Healthy-looking specimens (open oscules, active water filtration, regeneration of bruised tissues, normal coloration, and overall healthy appearance) were used for experimentation after 1 to 2 d of acclimation. Experimental specimens were sun dried in the field, and once in the laboratory they were dried in a oven (42°C) overnight and weighed. DIN flux measurements. To investigate the flux of DIN species associated with sponges, single specimens were incubated for 6 to 12 h in acid-washed vessels containing non-filtered seawater (continuously recirculated at the rate of 0.2 1 min-l). The water temperature in the vessels was kept within 1°C of ambient water temperature (29 to 30°C). Marine sponges filter a great deal of water (Reiswig 1971) ; a 4 to 6 cm" sponge might filter u p to 4 to 5 1 h-'. Because incubation volume might influence sponge activity, 2 different incubation volumes were tested for each species: 3 1, similar to the experiments (2.25 1) of Cori-edor et al. (1988) , and 20 1, the likely approximate volume of water a 4 to 10 cm3 sponge would filter in 5 to 6 h. To assess the effect of light, some specimens were incubated in the dark and others in the light. Light was provided with plant-light lamps attached to the underside of the vessel's enclosure (80 to 100 pE m-' ss1). Each species was thus subjected to 4 types of experiments (3 l/dark, 3 Might, 20 l/dark, 20 l/light). Plakortis halichondroides lacks photosynthetic endosymbionts and it was only subjected to 2 types of treatments (3 l/dark and 20 Might). Control experiments, in which only seawater was incubated from 6 to 8 h, were run under 2 types of treatments (3 l/dark and 20 Might). Each treatment was replicated 2 to 4 times per species, each time using a different specimen. Duplicate 100 m1 water samples were taken from the incubations at 1 to 2 h intervals, filtered through pre-combusted GF/F filters, and immediately sealed and frozen (-20°C) in acid-washed, plastic bottles.
Nitrite, nitrate, and ammonium concentrations were measured in duplicate for each sample by standard colorimetric methods (Koroleff 1983 , Jones 1984 ) with a Hitachi spectrophotometer. The changes detected in the DIN concentrations (pmol 1-l) from the initial conditions were normalized with respect to the incubation volume and the sponge dry weight to calculate the amount of these nutrients released by the sponge during the experiments (pmol g-l).
Production rates of DIN. Experimental production rates of each DIN species (pm01 g-' h-') were computed from the slope values of the linear regressions calculated for the change in their concentration during each experiment. A mean production rate for each nutrient was then calculated per treatment and species by averaging the slope values of all replicates per treatment (see Table 2 ). Potential areal production rates for each sponge species (mm01 m-' d-l) were calculated using the minimum and maximum mean release rates from the 20 1 treatments in which significant DIN concentration changes were detected (p 2 0.1). Experimental production rates were converted to areal rates using weight-to-volume ratios of 0.4 g for ?Pseudaxinella zeai and 0.65 g for Chondrilla nucula, and an average species thickness of 4 cm and 1 cm respectively. Two types of potential production rates were calculated. The first one assumed a 100% coverage by the species, and it was used to compare the experimental production rates of the species studled with published area1 production rates from reef or mangrove sediments. The second one used biomass estimates (g m-') of ?P. zeai (Diaz et al. in press) on a Caribbean coral reef to extrapolate to areal production rates by the species in its natural environment. The accumulation or disappearance of DIN during the experiments was analyzed by treatment, and shown separately for each species (Figs. 3 to 6 ). Each symbol in the figures corresponds to the net change in a nutrient concentration (relative to the initial conditions) per g of sponge dry weight. A regression is shown for each nutrient in each experiment. To determine the significance of these changes in nutrient concentration, the data from all experiments for a specific treatment (e.g. 3 l/ light) for each species were pooled and a correlation analysis was used to determine the significance of concentration changes with time. Table 1 shows the r2 value for each treatment, its level of significance, and the number of experimental runs per treatment. The main trends in DIN concentration observed durinq - 3) . ~i~h l~ in- (SW) creases occurred during 3 l/ (p < 0.01) and 20 Might (p < 0.05) treatments. The highest nitrate accumulations for this species were detected in the 20 1 treatments. Nitrite accumulated slowly and steadily, but only significantly in the 3 l/dark treatments (p < 0.05). Ammonia variations were significant only i.n the 3 Might experiment.
RESULTS

Net changes in DIN concentration
?Pseudaxinella zeai. ?P, zeai accumulated NO; significa.ntly (Table 1) in most experiments (Flg 4). The detected (Fig. l ) , while nitrate either did not change or showed very slight variations (-0.02 to 0.63 pm01 1-' h-') ( Fig. 1) . Net changes in ammonia levels dlffered between runs among and within species, with a tendency to accumulate in ?P. zeai, 0. violacea, and P. halichondroides experiments, and with slight decrease in most experiments with C. nucula (Fig. 1 ) . 30 cies studied, and the mean rates of change of DIN concentration during ' O the control experiments (pm01 l-I h-').
10 No3-production rates by Chondrilla nucula (1.02 to 2.65 pm01 g-' h-') and NO2-production rates by Oligoceras cies studied, C. nucula and ?P. zeal
The significance levels of the accumulation of each nutnent per treatment type (see 'Methodst), These potential rates are shown in Table 1 were 2 to 4 orders of magnitude higher than the rates found in other highest nitrate variations were detected during the benthic systems such as coastal sediments, reef and large-volume incubations (20 1). As in C. nucula, the mangrove sediments (Table 3) . level of accumulation of this nutrient in this species A more realistic production rate in nature can be varied greatly. Nitrite showed mostly submicromolar, derived from abundance estimations of these sponges non-significant changes, except in 1 treatment (20 l/ in their habitats. Biomass estimates for ?Pseudaxjnella dark). Ammonium accu.mulation was significant only zeai in 7 reef zones on the Belizean Barrier Reef at Carin 1 treatment (20 l/dark, p < 0.05).
rie Bow Cay (Diaz et al. 1997 ) lndicate that nitrate Oligoceras violacea. 0. violacea accumulated NO,-release by this species might range from 0.12 to consistently and significantly during all the experiments 10.9 mm01 m-2 d-l (Table 4 ) . The highest release rates performed with this species (Fig. 5 ). T h s accunlulation of (5.8 to 10.9 mm01 m-' d-') are associated with the fore NOz-was similar in magnitude to that of NO3-in the exreef where the sponge had a biomass of 440 g m-' periments with Chondrilla nucula and ?Pseudaxinella zeai. NO3-, however, showed only a large and significant this species presented the smallest variations in DIN during the incubation experiments (Fig. 6) . The 3 1
experiments showed insignificant DIN variations, while the 20 1 experiments showed small but significant (p < 0.05) accumulations of NH,' and N O 3 (Table 1 ).
5
Production rates of DIN o 
_ _ --
The levels of No3-release found in this study for C. nucula were in the same -B order of magnitude as those reported before (Corredor et al. 1988) .
Although the highest DIN release a -..a---rates were similar (Table 2) , the main form of DIN accumulated splits the -2 studied species into 2 groups: 3 species halichondrojdes) and 1 that mostly acSymbols as in Fig. 2 cumulates NO2-(Oligoceras violacea). This distinction implies that in one DISCUSSION group, both steps of nitrification (ammonium oxidation and nitrite oxidation) are taking place, while in the Differential accumulation of DIN by sponges other, these 2 microbially mediated reactions are uncoupled. The net release of N O , by 0. violacea was obThe time series incubations performed in this study served both in specimens from the Bahamas and in with 4 common tropical sponges showed net accumuothers from Belize. Denitrification, as a sink for NO3-, is lation of DIN in the incubation water, presumably as a discounted here because anoxic or at least suboxic conresult of DIN release from sponge tissue. NH,', a ditions are required for this process. The uncoupling nitrogenous waste product that might be released as a between ammonium oxidation and nitrite oxidation is product of sponge metabolism, did not accumulate sighypothesized to occur in the ocean, as a result of differnificantly in most treatments in the incubation water. The highest experimental DIN release rates were observed for ~0~-and NO^-, Release of nitrite or ential responses of each group of nitnfiers to light inbe more sensitive to changes in substrate concentration tensity (Olson 1981) . Photoinhibition of nitrifiers, for exthan ammonium oxidation (Olson 1981) . ample, seems to affect nitrite oxidizers more strongly None of these explanations, however, resolve the than ammonia oxidizers (Olson 1981 , Vanzella et al, differences observed among sponge species under the 1990). In natural samples, nitrlte oxidation appears to same experimental conditions. Both Oligoceras vio- Mayer et al. (1995) "Potential release rates assuming 1000/o coverage. Minimum and maximum mean production rates, from 20 1 experiments with significance >90% (Table 2) , were normalized to areal rates using an approximate we~ght-volume ratio (0.4 g c m 3 for ?P. zeai and 0.65 g cm-"or C. nucula) and an approximate specimen thickness (4 cm for ?P. zeal and 1 cm for C. nucula) bValues represent a range of mean values of nitrification potential (NP), measured as the accumulation of NO2-for various species of polychaetes, amphipods, bi.valves and Anthozoa lacea and Chondrilla nucula were collected in mangrove lagoons under similar environmental conditions (depth, light exposure, etc.); thus a higher light intensity in the 0. violacea habitat is unlikely to be a factor preventing nitrite oxidizers from inhabiting this species. The explanation, although not explored here, probably results from the diverse nature of microbial communities inhabiting different sponge species. Strains with different reactions kinetics, or diverse chemical interactions occurring in the sponge mesohyl, where large amounts of bacteria reside (Santavy et al. 1990 , Vacelet et al. 1995 , might result in different bacterial types dominating the sponge internal environment. The difference in the DIN species accumulated in the incubation chambers for 3 of the 4 sponge specles studied (nitrate for ?Pseudaxinella zeai and Chondrilla n ucula, and nitrite for Oligoceras violacea) is consistent with the idea that the microbes associated with the sponge tissues, and not In unfiltered seawater, are responsible for these transformations. Studies of the microbial associates of C. nucula by transmission electron microscopy reveal a mostly unidentified diverse microbial fIora in the sponge mesohyl, besides the high abundance of the cyanobacterial endosymbiont Aphanocapsa feldmani (Sara 1966 , Riitzler 1990 ) Similar studies of ?P. zeai, and 0. violacea have focused on their cyanobacterial endosymbionts (Riitzler 1990) .
Ammonia accumulated in the experiments with ?Pseudaxinella zeai, Oligoceras violacea and Plakortis halichondroides, suggesting that in these experiments nitrification rates were lower than the production rate of nitrogenous waste by the sponge. But during the Chondrilla nucula experiments ammonia either was consumed or exhibited very small increases. An efficient coupling between ammonia production by this species and subsequent ammonia and nitrite oxidation, before ammonia IS released in the water, explains why net accumulation of oxidized nltrogen can occur without comparable depletion of exogenous ammonium. This idea finds support in the fact that this species showed the largest NO3-productson rates.
It is important to consider that accumulation of ammonia in the incubation chambers might have artifactually increased nitrification rates (Olson 1981) , while in nature ammonia would be lost via diffusion into the water. However, ammonla did not accumulate during the experiments with Chondrilla nucula. Nitrification rates estimated for this sponge were probably not stimulated by exogenous ammonium concentrations. On the other hand, these nitrite and nitrate release rates are probably underestimations of nitrification rates, since the abundant microbial community within the sponges directly consume these nutrients. Thus the release rates we measured are net accumulations resulting from production and consumption by the sponge and associated microbes. The use of isotopic tracers (I5N) and in situ measurements might be useful in understanding the dynamics and magnitude of sponge-mediated nitrification. I4C tracer experiments with and without nitrification inhib~tors (Nserve, acetylene) would aid in estimating the rates of productivity by nitrifying bacteria in such systems.
Light and volume of incubation effects on the release of DIN by sponges
The response of the 4 species to the 4 treatments did not show any dsstinct relationship between the accumulation of DIN under dark or light conditions. Since light inhibits nitrification, less accumulation of NO2-and NO3-might be expected in the experiments done in the light. Corredor et al. (1988) conducted similar experiments with Chondrilla nucula under natural sunlight'and in the dark; they found higher but not significantly different rates of N O , + No3-production in the light conditions (620 k 145 nmol N g-' h-' in the light and 428 + 74 nmol N g-' h-' in the dark). Several matters must be addressed to understand this apparent lack of photoinhibition in sponge-m.ediated nitrification.
First, in our experiments the type of light used (artificial plant light) and its intensity might not affect nitrifiers. Laboratory incubations of nitrifiers under artificial irradiance (25 W m-2) did not show inhibitory effects on ammonium oxidation compared to the effect of natural sunlight (Vanzella et al. 1990 ). Second, the lack of an inhibitory effect of l~g h t might suggest the internal localization of nitrifying bacteria in the sponge body, which would shield these bacteria somewhat from the light. A third possibility is that the effect of light on the metabolic activity of the cyanobacteria associated with 3 of the sponges studied would affect the overall energetic condition of the sponge, altering a s well its ammonium release. Thus, in the dark, nitrification would decrease a s a consequence of a decrease of photosynthate available for the sponge. These 2 contrary effects of light on the sponge and its symbionts as a whole system might counteract each other and eliminate differences in the outcome of incubation experiments under different light conditions. Further studles are required to assess these possibilities.
There was an apparent effect of incubation volume on at least 2 of the species. In both lPseudaxinella zeal and Plakortis halichondroides there were ina.rkedly lower changes in DIN, especially No3-accumulation, in the 3 l incubations. Furthermore, the highest nitrite and nitrate accumulation values observed (Figs. 1, 3 & 7 ) occurred in the 20 1 incubation experiments. This volume-effect was expected, considering the high rates of water filtration reported for a few tropical sponges (Reiswig 1971) . Decreased concentration of oxygen and/or other nutrients in the low volume incubation chambers are probably the causes of this effect. This volume effect might account for the relatively higher rates of NO3-release found in this study for Chondrilla nucula compared to the rates previously reported for this species, in which 2.25 1 incubation chambers were used (Corredor et al. 1988) . Enclosing the sponge specimens in incubation chambers necessarily changed the flow regime around the sponges, compared to their natural setting on the reef. However, because the normal filtration activity of the sponges circulates water past the sponge tissues on the reef, as it did in the incubations, we assumed that the flow patterns and flushing rate of sponge tissue was not seriously perturbed by the incubation procedure, regardless of the volume of the incubation.
Sponges with cyanobacteria versus sponges without cyanobacteria
A clear difference in the levels of DIN accumulation was detected between the 3 species that possess cyanobacteria endosymbionts and the 1 species that lacks them. Chondrilla nucula and ?Pseudaxinella zeai accumulated N O , at rates 10 times higher than did Plakortis halichondro~des. Oligoceras violacea accumulated N O , at rates 1 to 2 orders of magnitude higher than any of the other species. Total DIN production rates for the 3 species with cyanobacteria were usually greater than that detected for P. haljchondroides. These differences, not explained here, might reflect more robust physiology in the sponges with cyanobacteria d u e to the release of phostosynthate by their symbiont (Wilkinson 1980) . The possibility of higher nitrification rates in these sponges d u e to a n alternative source of ammonia from the cyanobacteria, via the fixation of dinitrogen, cannot b e ruled out at this point. N2 fixation has been measured in 2 sponges from the Red Sea that possess cyanobacterial endosymbionts (Wilkinson & Fay 1979) . Attempts to detect N, fixation by ?P. zeai, C. nucula, and 0. vioIacea were made in the field, using the acetylene reduction method and previous protocols used for sponges (Wilkinson & Fay 1979, C. R. Wilkinson pers. comm.) . Although N, fixation is expected to be advantageous if the availability of ammonium for the cyanobacteria is low, no N, fixation was detected in our experiments (data not shown).
Environmental nitrification rates
The comparison of potential nitrification rates associated with sponges with rates measured for other benthic components (Table 3) shows that sponges have the potential to nitrify at rates 2 to 4 orders of magnitude higher than the so-called active nitrification sites in coastal environments (sediments). A more realistic comparison can b e drawn from areal production rates incorporating actual estimates of sponge abundance. Such an estimate for ?Pseudaxinella zeai on a Caribbean coral reef (Table 4) shows mean NO3-efflux rates up to 10.9 mm01 m-2 d-l, a rate 1 to 3 orders of magnitude higher than most benthic rates and several times the N O , + NO,-accumulation reported for nonconsolidated reef sediments (Capone et al. 1992) . A similarly high NO2-+ N O , production rate was reported for Chondrilla nucula, which occupies 12 % of the surface on a reef off Puerto Rico, with mean areal nitrification rates u p to 11.52 mm01 m-"-' (Corredor et al. 1988) . The authors estimated that this nitrate production by C. nucula could account for 50 to 120% of the nutrients needed for the gross productivity of the reef. DIN release rates recently reported for 2 reef species (Ircinia felix and I. strobilina), in Conch reef a t the Florida Keys, represented values an order of magnitude greater than those reported for coral reef sediments (Pile 1996) . Sponge nitrate areal production rates estimated here and elsewhere surpass any natural rates for benthic communities so far described. These rates are estimates based on only 1 sponge species. Therefore, estimates of the nitrate release rates of major reef components would give a better approximation to the sponge contribution to reef nutrient recycling.
These results further demonstrate that sponges harbor microbes with metabolisnls that are important for productivity and nutrient recycling in tropical environments. Nitrifying bacteria associated with sponges might be important as competitors (with other autotrophic organisms) for ammonium in trop~cal benthic communities. N2 fixation has been postulated as a major process explaining the enigma of high biological productivity despite low inputs of N in coral reefs (Capone et al. 1992 ). However, mounting evidence suggests that invertebrate-mediated nitrification, through associated nitrifying microbial flora, might also bear on this paradox. The nitrate and nitrite production rates reported here suggest that organic nitrogen mineralization by the sponge metabolism, linked to sponge-mediated nitrification, constitutes a major regeneration process for these nutrients in Caribbean coral reefs and mangroves. Wilkinson CR (1980) 
